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Abstract. 
 
Myosin in adult murine skeletal muscle is 
composed primarily of three adult fast myosin heavy 
chain (MyHC) isoforms. These isoforms, MyHC-IIa, 
 
-IId, and -IIb, are 
 
.
 
93% identical at the amino acid 
level and are broadly expressed in numerous muscles, 
and their genes are tightly linked. Mice with a null mu-
tation in the MyHC-IId gene have phenotypes that in-
clude growth inhibition, muscle weakness, histological 
abnormalities, kyphosis (spinal curvature), and aber-
rant kinetics of muscle contraction and relaxation. De-
spite the lack of MyHC-IId, IId null mice have normal 
amounts of myosin in their muscles because of compen-
sation by the MyHC-IIa gene. In each muscle examined 
from IId null mice, there was an increase in MyHC-IIa–
containing fibers. MyHC-IIb content was unaffected in 
all muscles except the masseter, where its expression 
was extinguished in the IId null mice. Cross-sectional fi-
ber areas, total muscle cross-sectional area, and total fi-
ber number were affected in ways particular to each 
muscle. Developmental expression of adult MyHC 
genes remained unchanged in IId null mice. Despite 
this universal compensation of MyHC-IIa expression, 
IId null mice have severe phenotypes. We conclude 
that despite the similarity in sequence, MyHC-IIa and 
-IId have unique roles in the development and function 
of skeletal muscle.
 
M
 
yosin
 
 is the main component of the thick fila-
ment of the sarcomere, where it constitutes 40%
of the myofibril protein (for a comprehensive
review see Warrick and Spudich, 1987). Each hexameric
myosin molecule consists of two myosin heavy chains
(MyHC,
 
1
 
 220 kD each) and two pairs of nonidentical myo-
sin light chains (
 
z
 
20 kD each). There are eight known iso-
forms of sarcomeric MyHC in mammalian skeletal and
cardiac muscle. MyHC-
 
a
 
 and -
 
b
 
 are the major cardiac iso-
forms (Gulick et al., 1991; Rindt et al., 1993). The 
 
b
 
 iso-
form is also referred to as type I MyHC or “slow” MyHC
and is expressed in slow skeletal muscle fibers. Two iso-
forms, embryonic and perinatal, are expressed during de-
velopment (Periasamy et al., 1984; Bouvagnet et al., 1987).
Three adult “fast” isoforms, MyHC-IIa, -IIb, and -IId
(also referred to as -IIx), are expressed in fast-twitch fibers
(Weydert et al., 1983; Schiaffino et al., 1989; Parker-Thorn-
burg et al., 1992). One MyHC isoform is exclusively ex-
pressed in extraocular and pharyngeal muscle (Wieczorak
et al., 1985; Lucas et al., 1995).
Striated MyHC genes are located in chromosomal clus-
ters. The cardiac genes, MyHC-
 
a
 
 and -
 
b
 
 (I, slow), are ad-
jacent to one another on mouse/human chromosomes 14
(Saez et al., 1987; Gulick et al., 1991). The six skeletal MyHCs
are encoded by separate genes on mouse and human chro-
mosomes 11 and 17, respectively, and are located within a
350-kb segment (Yoon et al., 1992; Krauter, K., unpub-
lished observations). The MyHC multigene family appears
to have arisen from a common ancestral gene based on con-
servation of genomic structure, clustering of the MyHC
genes, and their high sequence conservation, with 78–93%
amino acid identity among vertebrate sarcomeric isoforms
(Weiss and Leinwand, 1996). The highest degree of con-
servation occurs between analogous isoforms across spe-
cies (Weiss and Leinwand, 1996).
Striated MyHC genes are developmentally regulated.
MyHC-
 
a
 
 and -
 
b
 
 (I, slow) genes are expressed in the devel-
oping heart of the mouse embryo between 7.5 and 8 days
post-coitum (dpc) (Lyons et al., 1990). In skeletal muscle,
the embryonic and perinatal MyHC isoforms are ex-
pressed at 9.5–10.5 dpc, but only the perinatal isoform per-
sists after birth (Weydert et al., 1987; Lyons et al., 1990).
MyHC-I (
 
b
 
, slow) is also expressed early in skeletal mus-
cle development (9.5 dpc) (Lyons et al., 1990). The
MyHC-perinatal isoform is eventually replaced by adult
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MyHC isoforms in skeletal muscle. However, the exact
onset of expression of the MyHC-IIa, -IIb, and -IId genes
is unknown, but it is thought to occur in mice between late
gestation (17.5 dpc) and 5 d after birth (Cox and Bucking-
ham, 1992; DeNardi et al., 1993).
Most vertebrate skeletal muscles express multiple MyHC
isoforms, and individual muscle fibers are characterized
according to their MyHC content: type IIA (containing
MyHC-IIa), type IIB (containing MyHC-IIb), type IID
(containing MyHC-IId), and type I (containing MyHC-I
[
 
b
 
, slow]) (Pette and Staron, 1990). The maximum velocity
of contraction (
 
V
 
max
 
) for fibers composed of a single
MyHC increases in the order type I
 
 , 
 
IIA
 
 , 
 
IID
 
 , 
 
IIB
(Bottinelli et al., 1991; Galler et al., 1994). Mean cross-sec-
tional areas (CSAs) of fibers also increase in the same or-
der (Hämäläinen and Pette, 1993). MyHC-IIb constitutes
77% of MyHC overall in adult mouse skeletal muscle (Ag-
bulut et al., 1996). Similarly, in rat skeletal muscle, type
IIB fibers make up 71% of muscle mass, type IID 18%,
type IIA 5%, and type I (
 
b
 
, slow) 6% (Delp and Duan,
1996). Smaller mammals contain a predominance of type
IIB fibers, but as the size of the animal increases, the pro-
portion of IIB fibers decreases and the proportion of type
IID and IIA fibers increases. In fact, in humans the pres-
ence of IIB fibers has not yet been detected despite the
identification of a human MyHC-IIb gene and transcript
(Schiaffino and Reggiani, 1996). What were previously
classified as type IIB fibers in human are now known to
contain MyHC-IId (Smerdu et al., 1994; Ennion et al.,
1995).
In addition to muscle fibers composed of a single
MyHC, hybrid fibers containing two MyHC isoforms can
be found in skeletal muscle, but only in certain combina-
tions. Hybrid fibers have been shown to exist in the pairs
IIA/I (
 
b
 
, slow), IIA/IID, and IIB/IID, usually with one iso-
form present in a greater amount (DeNardi et al., 1993;
Hämäläinen and Pette, 1995). Hybrid fibers are often
found during a transitional phase of muscle, such as a re-
sponse to a stimulus. Skeletal muscle fibers can alter their
MyHC composition in response to “functional demands”
of the muscle, including response to electrical stimuli and
mechanical factors such as stretch (Termin et al., 1989;
Ausoni et al., 1990; Loughna et al., 1990). Innervation and
thyroid hormone levels also induce changes in MyHC ex-
pression in adult muscle (Pette and Vrbova, 1985; Izumo
et al., 1986). Fiber type transitions typically follow a pat-
tern of expression from type I
 
 «
 
 IIA 
 
«
 
 IID 
 
«
 
 IIB, with
hybrid fibers present during the transitions (Staron and
Johnson, 1993).
The unique kinetic properties of muscle fibers com-
posed of a single MyHC suggest that the MyHC isoforms
may be functionally distinct (Hilber et al., 1997). In fact, it
has long been known that the contractile velocities of mus-
cles are correlated with their MyHC isoform content
(Barany, 1967). There are, however, no biochemical data
for the individual adult fast skeletal MyHCs. To investi-
gate the role of the individual adult fast MyHC isoforms in
muscle structure and function, we have inactivated the
MyHC genes IId and IIb in the mouse (Acakpo-Satchivi et
al., 1997). As previously reported, mice null for MyHC-IId
and -IIb have reduced body weight, impaired fore- and
hindlimb grip strength, and abnormal muscle histology.
 
Additionally, about a third of IId null mice develop ky-
phosis or severe curvature of the spine. These phenotypes
suggest that the myosin genes have unique roles in muscle
function and that the absence of one of these gene prod-
ucts causes muscle defects.
In this paper, we demonstrate that the absence of
MyHC-IId results in activation of the MyHC-IIa gene. De-
spite a sufficient quantity of MyHC in muscles of IId null
mice, there are significant muscle defects in these mice. In
each muscle type analyzed, the relative proportion of type
IIA fibers increased. The onset of MyHC-IIa gene activa-
tion during development remained unchanged between
wild-type and IId null mice and preceded that of the
MyHC-IId gene in wild-type animals. The MyHC-IIb con-
tent of skeletal muscles in IId null mice remained largely
unchanged with the exception of the masseter muscle,
which completely lost its normally high content of type IIB
fibers in the MyHC-IId null mice. Type IIA cross-sectional
fiber areas increased in the tibialis anterior (TA), psoas,
and masseter muscles and became as large or larger than
type IID fibers in the wild-type mouse. The total muscle
CSA and total fiber number were decreased in psoas and
masseter, but not in TA muscles of MyHC-IId null mice.
We conclude that MyHC-IId has a unique role in the
structure and function of the muscle since replacement by
MyHC-IIa cannot functionally substitute for its absence.
 
Materials and Methods
 
Animals
 
The generation of MyHC-IId null mice has been previously described
(Acakpo-Satchivi et al., 1997). MyHC-IId heterozygous (
 
1
 
/
 
2
 
) mice were
used as breeding pairs, and their offspring were genotyped by a PCR tech-
nique (Acakpo-Satchivi et al., 1997).
 
Myofibrils and High-Resolution Gel Electrophoresis
 
Myofibrils were prepared from muscles of adult male mice according to
the procedure by Solaro et al. (1971). Muscles were minced with scissors
and homogenized in 1 ml of buffer A (50 mM KCl, 10 mM KPO
 
4
 
, 2 mM
MgCl
 
2
 
, 0.5 mM EDTA, 2 mM DTT, pH 7.0). The homogenate was sepa-
rated by centrifugation at 15,800 
 
g
 
 for 15 min at 4
 
8
 
C. The pellet fractions
were resuspended in 1 ml of buffer B (buffer A 
 
1
 
 1% Triton) and again
separated by centrifugation at 15,800 
 
g
 
 for 15 min at 4
 
8
 
C. Pellets were re-
suspended in 1 ml of storage buffer (60 mM KCl, 30 mM imidazole, 2 mM
MgCl
 
2
 
, 1 mM DTT, pH 7.0) and kept at 
 
2
 
70
 
8
 
C.
For high-resolution gel electrophoresis, MyHC isoforms were sepa-
rated according to a procedure adapted from Agbulut et al. (1996). 100 ng
of total protein from each sample was separated on 8% polyacrylamide
gels containing 30% glycerol. The gels were run at 72 V for 30 h at 4
 
8
 
C and
then silver stained to visualize the proteins.
For acto:myosin gels, 5 
 
m
 
g of total myofibril protein was separated on
10% polyacrylamide gels. The gels were stained with Coomassie brilliant
blue to visualize the proteins. Actin and myosin bands were measured by
densitometry.
 
Immunohistochemistry
 
Muscles were dissected from male mice (age 6–8 wk) and rapidly frozen in
liquid nitrogen–cooled isopentane. 10-
 
m
 
m serial sections from the mid-
belly of each muscle were cut on a microtome at 
 
2
 
20
 
8
 
C and stored on cov-
erslips as frozen sections at 
 
2
 
20°C. The fixation procedure was as follows:
Sections were incubated in acetone solutions (50, 100, 50%) for 5, 2, and 5
min, respectively, at 
 
2
 
20°C, washed in 1
 
3
 
 PBS, incubated for 10 min in
4% formaldehyde in 1
 
3
 
 PBS, and washed in 1
 
3
 
 PBS. Sections were then
preincubated for 20 min in 0.5% H
 
2
 
O
 
2
 
 in 1
 
3
 
 PBS. All subsequent steps
were carried out in a humidified chamber. Sections were blocked in 10%
normal goat serum in 1
 
3
 
 PBS for 1 h at room temperature and then incu- 
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bated overnight at 4°C with primary antibody solutions containing 1%
normal goat serum and 0.5% Tween-20. Sections were washed four times
for 5 min each in 1
 
3
 
 PBS. Secondary antibodies (fluorescein or HRP con-
jugated) were applied for 2 h at room temperature. Sections were washed
four times for 5 min each in 1
 
3
 
 PBS and visualized either by immunofluo-
rescence or by peroxidase staining using a DAB kit (Vector Laboratories,
Burlingame, CA) followed by counterstaining with hematoxylin.
Primary antibodies used in these studies were BFF3 (anti–MyHC-IIb),
SC71 (anti–MyHC-IIa) (Schiaffino et al., 1986), MHC
 
I
 
 (anti–MyHC-I [
 
b
 
,
slow]; Novacastra Laboratories, Newcastle, UK), and MHC
 
N
 
 (anti-MyHC
perinatal, Novacastra Laboratories). Media from BFF3- and SC71-secret-
ing hybridoma cell lines were used undiluted. MHC
 
I
 
 ascites was used at a
dilution of 1:50 and MHC
 
N
 
 ascites at 1:20. Fluorescein- or HRP-conju-
gated goat anti–mouse secondary antibodies were used at dilutions of 1:200
and were specific for mouse IgG (SC71, MHC
 
I
 
, and MHC
 
N
 
) or mouse
IgM (BFF3) (Jackson ImmunoResearch, West Grove, PA). BFF3 and
SC71 were gifts of S. Schiaffino (University of Padova, Padova, Italy).
 
ATPase and NADH-tetrazolium
Reductase Histochemistry
 
Myofibrillar ATPase staining was performed as described by Brooke and
Kaiser (1970). In brief, sections were preincubated in alkaline buffer (75 mM
glycine, 40 mM CaCl
 
2
 
, 75 mM NaCl, pH 10.3) for 15 min and then incu-
bated in 3 mM ATP in alkaline buffer, pH 9.4, for 45 min. Sections were
dehydrated in 50, 70, and 100% ethanol for 2 min each and mounted with
Permount (Fisher Scientific, Pittsburgh, PA). For NADH-tetrazolium re-
ductase (NADH-TR) staining, sections were incubated in 0.2 M Tris, pH
7.4, containing 1.5 mM NADH and 1.5 mM nitrotetrazolium blue for 30
min at 37
 
8
 
C. Sections were then placed in acetone solutions (30, 60, 90, 60,
and 30%) for 2 min each and mounted with Aquamount (Lerner Labs,
Pittsburgh, PA).
 
Fiber Area Measurements, Muscle CSA Measurements, 
and Total Fiber Number Calculations
 
Serial sections from individual muscles of wild-type and MyHC-IId null
mice were stained with specific anti-MyHC antibodies as described. A Zi-
das computerized digitizer (Carl Zeiss, Inc., Thornwood, NY) in combina-
tion with a Zeiss microscope fitted with a drawing tube were used for fiber
area and muscle area measurements. The scale factor was fixed by mea-
suring a known distance from a micrometer. Measurements were done at
40
 
3
 
 magnification for fiber areas and 10
 
3
 
 magnification for total muscle
CSA. Areas for fiber types were measured from one serial section while a
projection of the serial section was used for marking individual fibers. Fi-
bers on the projected section were marked as type IIA, IIB, or I (
 
b
 
, slow)
based on antibody staining patterns. Fibers not staining for MyHC-IIa,
IIb, or I (
 
b
 
, slow) were scored as type IID fibers. Fibers from two separate
regions of each muscle section, containing 
 
z
 
120–150 fibers each, were
counted, and their areas were measured. Results were used to determine
the fiber type composition (%) of the entire muscle. In TA and psoas
muscles, where fiber type distribution across the muscle was uneven, mea-
surements were taken in each region of the muscle. The total area of each
region was measured and used to determine the overall fiber type compo-
sition.
Total fiber numbers were calculated for TA, psoas, and masseter by the
formula (muscle CSA 
 
2 
 
interfiber space)/mean fiber CSA. Mean fiber
CSA was determined by the formula (percent type IIA/100 
 
3 
 
mean IIA
fiber CSA) 
 
1
 
 (percent type IIB/100 
 
3 
 
mean IIB fiber CSA) 
 
1
 
 (percent
type IID/100 
 
3 
 
mean IID fiber CSA). To determine interfiber space, the
areas of all fibers in a 10-cm
 
2
 
 square area on the digitizing field were mea-
sured. Relative interfiber space was determined by (1
 
 2 
 
total fiber CSA/
total square area). Interfiber space was determined by muscle CSA 
 
3
 
(relative interfiber space)/100.
 
Reverse Transcription PCR of MyHC Genes
 
RNA was purified from muscles of wild-type and MyHC-IId null mice us-
ing the guanidinium-acid phenol method (Chomczynski et al., 1987).
Whole embryos were used to prepare RNA at 12.5 and 15.5 dpc. RNA
was prepared from the hindlimbs of neonates at 1, 3, and 5 d after birth.
First-strand cDNA was synthesized from 2 
 
m
 
g of total RNA using reverse
transcriptase (Superscript II RT; GIBCO BRL, Gaithersburg, MD) and
0.5 
 
m
 
g of oligo-dT (17 nucleotides). Oligonucleotides were designed in the
3
 
9 
 
UTRs of five MyHC genes. Specifically, MyHC-IIa (5
 
9
 
 primer, 5
 
9
 
-
AAGCGAAGAGTAAGGCTGTC-3
 
9
 
; 3
 
9
 
 primer, 5
 
9
 
-GTGATTGCTTG-
CAAAGGAAC-3
 
9
 
), MyHC-IIb (5
 
9
 
 primer, 5
 
9
 
-ACAAGCTGCGGGT-
GAAGAGC-3
 
9
 
; 3
 
9
 
 primer, 5
 
9
 
-CAGGACAGTGACAAAGAACG-3
 
9
 
),
MyHC-IId (5
 
9
 
 primer, 5
 
9
 
-CCAAGTGCAGGAAAGTGACC-3
 
9
 
; 3
 
9
 
primer, 5
 
9
 
-AGGAAGAGACTGACGAGCTC-3
 
9
 
), MyHC-I (
 
b
 
, slow) (5
 
9
 
primer, 5
 
9
 
-CCAAGGGCCTGAATGAGGAG-3
 
9
 
; 3
 
9
 
 primer, 5
 
9
 
-GCAA-
AGGCTCCAGGTCTGAG-3
 
9
 
), and MyHC-perinatal (5
 
9
 
 primer, 5
 
9
 
-
ACACATCTTGCAGAGGAAGG-3
 
9
 
; 3
 
9
 
 primer, 5
 
9
 
-TAAACCCAGAG-
AGGCAAGTG-3
 
9
 
).
PCR reactions contained 2 
 
m
 
l of cDNA (1/10 RT reaction), 15 pmol of
each primer, and 2 U of taq polymerase (Biolase, Intermountain Scien-
tific, Denver, CO) in a total volume of 50 
 
m
 
l. Reactions were given a hot
start at 94°C for 2 min. Amplification conditions were as follows: denatur-
ization at 94
 
8
 
C for 30 s, annealing at 58
 
8
 
C for 30 s, and primer extension at
72
 
8
 
C for 30 s, for a total of 25 cycles (30 cycles for MyHC-IId at develop-
mental time points), followed by one cycle of primer extension at 72
 
8
 
C for
5 min. 10 
 
ml of 63 DNA loading dye (15% ficoll, 0.25% xylene cyanol)
was added to each reaction, and 15 ml was separated on a 2% agarose gel
containing ethidium bromide.
Results
Skeletal Muscle from MyHC-IId Null Mice Contains 
Normal Amounts of Myosin
One explanation for muscle defects in MyHC-IId null
mice could be an insufficient quantity of myosin in their
muscles, which could result in altered stoichiometry of my-
osin relative to the other sarcomeric proteins. We mea-
sured the relative amounts of myosin and actin in masseter
and TA muscles from wild-type and IId null mice. Myo-
fibrils prepared from these muscles were separated on
10% polyacrylamide gels and stained with Coomassie blue
to visualize the proteins (data not shown). Scanned images
of the gels were analyzed by a molecular imaging system.
Three samples were run on two separate gels. The myosin
to actin ratio in wild-type masseter muscle was 1.80 6 0.19,
while the ratio in IId null masseter muscle was 1.62 6 0.16.
Similarly, in wild-type TA muscle, the myosin to actin ra-
tio was 1.60 6 0.18, while in IId null TA muscle the ratio
was 1.59 6 0.07. Therefore, no significant difference was
found in the myosin to actin ratios between wild-type and
MyHC-IId null mice.
MyHC Isoform Composition in Muscles from
MyHC-IId Null Mice
To determine the MyHC composition of muscles from
wild-type and MyHC-IId null mice, myofibril preparations
from skeletal muscles from these mice were resolved by
high-resolution gel electrophoresis (Agbulut et al., 1996).
In all muscles examined, MyHC-IId was absent and
MyHC-IIa was induced. Fig. 1 shows the MyHC isoform
content of the psoas and masseter muscles. Wild-type
psoas contained primarily MyHC-IIb, with lesser amounts
of IId and IIa (Fig. 1, lane 1). In psoas muscle of IId null
mice, MyHC-IIb remained prominent, while the IId band
was absent and there was a small increase in MyHC-IIa
(Fig. 1, lane 2). Wild-type masseter muscle was composed
of MyHC-IIb and -IId (Fig. 1, lane 3). Whereas there was
no visible MyHC-IIa in masseter muscle from wild-type
mice, masseter from IId null mice contained predomi-
nantly MyHC-IIa (Fig. 1, lane 4). Surprisingly, in addition
to the increase in MyHC-IIa expression, MyHC-IIb ex-
pression was undetectable in the masseter of IId null mice.
The proportional increase in MyHC-IIa expression inThe Journal of Cell Biology, Volume 141, 1998 946
masseter appears to be much greater than in psoas. West-
ern blots with specific anti-MyHC antibodies confirmed
the absence of MyHC-IIb expression in the masseter mus-
cle of IId null mice (data not shown).
Immunohistochemical Determination of
MyHC Expression in Normal and MyHC-IId Null 
Skeletal Muscle
Electrophoretic separation of MyHC isoforms gives quali-
tative and quantitative information about the MyHC com-
position of specific muscles but does not give information
about individual muscle fibers. To determine the histologi-
cal pattern of MyHC expression in muscles of IId null
mice, sections of masseter, psoas, TA, diaphragm, tongue,
and extensor digitorum longus (EDL) muscles were
stained with anti-MyHC specific antibodies. Fig. 2 shows
sections of masseter muscle from wild-type and IId null
mice stained with anti–MyHC-IIa and -IIb antibodies.
Wild-type masseter muscle contained few fluorescently
stained fibers when probed with an anti-MyHC-IIa anti-
body (Fig. 2 a). The MyHC-IIa–positive fibers depicted in
Fig. 2 were only present in a small peripheral area of the
muscle. In contrast, all fibers in masseter muscle from
MyHC-IId null mice expressed MyHC-IIa (Fig. 2 b).
Whereas wild-type masseter contained a significant per-
centage of MyHC-IIb–containing fibers (Fig. 2 c), staining
of masseter muscle from IId null mice with an anti–
MyHC-IIb antibody was negative (Fig. 2 d). Staining of
masseter muscle from wild-type and IId null mice with an-
tibodies to MyHC-I (b, slow) and MyHC-perinatal was
negative (data not shown). These results are consistent
with those from high-resolution gels, demonstrating that
the MyHC content of masseter from IId null mice is exclu-
sively IIa.
An additional classical way to characterize muscle fibers
is to stain for ATPase activity (Brooke and Kaiser, 1970).
The ATPase stain is a functional assay that complements
the antigenic data of the immunostaining. Fig. 2, e and f,
shows ATPase staining patterns at pH 10.3 of masseter
muscle from wild-type and IId null mice. Traditionally,
Type IIB fibers stain lighter at pH 10.3, while type IIA and
IID fibers stain dark (Fig. 2 e). In IId null masseter, all fi-
bers stained dark at pH 10.3, reflecting a loss of type IIB
fibers (Fig. 2 f). ATPase stains of IId null masseter at pH
4.6 and 4.37 also showed uniform staining of all fibers (me-
dium intensity at pH 4.6, light at pH 4.37), suggesting it is
composed of a single fiber type (data not shown).
The MyHC composition of psoas muscle from wild-type
and MyHC-IId null mice is illustrated in Fig. 3. Wild-type
psoas muscle contains type IIA, IIB, and IID fibers (Jan-
sen et al., 1996). However, psoas muscle contains a spa-
tially uneven distribution of fiber types, with one region of
the muscle containing type IIA, IIB, and IID fibers (red
portion) and one region composed almost exclusively of
type IIB fibers (white portion) (Hämäläinen and Pette,
1995). To determine whether the spatial distribution of fi-
bers was changed in the IId null psoas, serial sections of
psoas muscle from wild-type and IId null mice were
stained with anti–MyHC-IIa and -IIb antibodies. Photo-
graphs in Fig. 3, a–d, are from the red portion of the mus-
cle. The population of MyHC-IIa–containing fibers was
low in wild-type psoas (Fig. 3 a). MyHC-IIb–positive fi-
bers from a serial section of the same muscle are shown in
Fig. 3 b. Fibers not staining with MyHC-IIa or -IIb anti-
bodies were assumed to be MyHC-IId–containing fibers
since psoas muscle from wild-type and IId null mice con-
tained no MyHC-I (b, slow) or MyHC-perinatal–express-
ing fibers (data not shown). Antibody staining of serial
sections of IId null psoas muscle show that it is composed
entirely of type IIA and IIB fibers (Fig. 3 c, anti–MyHC-
IIa, and Fig. 3 d, anti–MyHC-IIb), with a dramatic in-
crease in the population of type IIA fibers compared with
wild type.
Type IIA fibers in IId null psoas were localized in a
smaller area of the muscle than in wild-type psoas muscle.
This is illustrated by low-magnification photographs of
Figure 1. MyHC isoform
content of muscles from IId
null mice determined by
high-resolution gel electro-
phoresis. Myofibrils were
prepared from psoas and
masseter muscles of wild-
type and MyHC-IId null mice (8-wk-old males). Myofibrils were
separated by high-resolution gel electrophoresis and silver
stained. Lane 1, wild-type psoas (w.t.); lane 2, IId null psoas
(IId2/2); lane 3, wild-type masseter (w.t.); lane 4, IId null mas-
seter (IId2/2). The location of MyHC-IIa, -IIb, and -IId bands
are indicated.
Figure 2. The masseter muscle is uniformly composed of MyHC-
IIa in IId null mice. Cross sections of masseter muscle from wild-
type (a and c) or MyHC-IId null (b and d) mice (8-wk-old males)
were immunohistochemically stained with anti–MyHC-IIa (a and
b) or anti–MyHC-IIb (c and d) antibodies. Positive fibers were vi-
sualized by fluorescence microscopy. Exposure times were (a) 28 s;
(b) 30 s; (c) 35 s; (d) 30 s. Masseter sections from wild-type (e)
and MyHC-IId null (f) mice were ATPase stained at pH 10.3 (e
and f). Bars: (a and b) 40 mm; (c–f) 30 mm.Sartorius et al. Myosin Heavy Chains IIa and IId Are Functionally Distinct 947
psoas muscle stained with NADH-TR in Fig. 3, e and f.
The oxidative capacity of muscle fibers can be determined
by staining with NADH-TR and follows the pattern type I
(dark) . IIA . IID . IIB (light) (Hämäläinen and Pette,
1993). Fiber type distribution in wild-type psoas is shown
in Fig. 3 e. Type IIB fibers (light) are present throughout
the muscle, whereas type IIA (dark) and type IID (inter-
mediate) fibers are concentrated in the red portion of the
muscle. In IId null psoas, the darker staining type IIA fi-
bers were restricted to a smaller area of the muscle (Fig. 3 f).
TA, diaphragm, tongue, and EDL muscles from wild-
type and MyHC-IId null mice were also immunohistochem-
ically stained with anti-MyHC antibodies to determine the
pattern of MyHC expression. In each of these muscles, the
number and proportion of type IIA fibers increased in IId
null mice compared with wild type without apparent alter-
ations in MyHC-IIb expression (data not shown). Type I
(b, slow) fibers were only found in diaphragm, and no
MyHC-perinatal–expressing fibers were detected in any
muscle. In all muscles examined, there were no fibers that
coexpressed MyHC-IIa and -IIb.
Although MyHC-IId comprises ,20% of MyHC in
mouse, it is widely distributed; almost all muscles contain
type IID fibers. A microscope equipped with a computer
digitizing system was used to count fiber types as well as
measure fiber cross-sectional areas. Four muscles were an-
alyzed in detail in these experiments: TA, diaphragm,
psoas, and masseter. These muscles were taken from adult
male mice (6–8 wk old). Three mice of each genotype
(wild type and IId null) were analyzed. Since no pheno-
typic or histological differences were previously found be-
tween wild-type and MyHC-IId 1/2 mice, heterozygotes
were not included in this study (Acakpo-Satchivi et al.,
1997). Serial sections of each muscle were stained with
anti–MyHC-IIa, -IIb, and -I (b, slow) antibodies and
aligned under two microscopes as described in Materials
and Methods. Individual fibers were then counted as type
IIA, IIB, or I (b, slow). Since there is currently no anti-
body that specifically recognizes MyHC-IId, fibers not
staining with any of these antibodies were counted as type
IID fibers. The results of these analyses are summarized in
Table I. Numbers represent averages of three mice of each
genotype (wild type and IId null).
Table I a shows the overall MyHC content expressed as
the percent of positive fibers in TA, psoas, diaphragm, and
masseter muscles. In TA, the type IIA fiber content in-
creased from 9 to 30% between wild-type and IId null
mice. The type IIB fiber content remained constant at 73
and 77%, in wild-type and IId null mice, respectively. Dia-
phragm muscle from wild-type mice contained type IIA,
IID, and I (b, slow) fibers in the amounts 45, 40, and 15%,
respectively. The type IIA fiber content increased to 82%
in IId null diaphragm while the type I (b, slow) fiber con-
tent remained similar to wild type at 18%. Psoas muscle
showed a smaller increase in type IIA fibers overall from
15 to 21% in wild type compared with IId null mice. Type
IIB fiber content also increased slightly in IId null psoas
from 68 to 79%.
The masseter muscle was unique in its changes between
wild-type and MyHC-IId null mice. There are ,1% type
IIA fibers found in normal mouse masseter, which is com-
posed of 43% type IIB and 56% type IID fibers. As shown
Figure 3. MyHC isoform content of psoas muscles from wild-
type and MyHC-IId null mice determined by immunohistochem-
istry. Serial sections of psoas muscle from wild-type (a and b) and
MyHC-IId null (c and d) mice (8-wk-old males) were stained with
antibodies to MyHC-IIa (a and c) or MyHC-IIb (b and d). Posi-
tive fibers were visualized by peroxidase staining. Sections of
psoas muscle from wild-type (e) and MyHC-IId null (f) mice were
stained by NADH-TR and photographed at low magnification
(43). Bars: (a–d) 30 mm; (e and f) 0.5 mm.
Table I. Fiber Type Composition of Muscles from Wild-Type 
(w.t.) and MyHC-IId Null Mice
(a) Overall Fiber Type Composition
Tibialis anterior Diaphragm Psoas Masseter
MyHC w.t. IId2/2 w.t. IId2/2 w.t. IId2/2 w.t. IId2/2
%%%%
IIA 9 30 45 82 15 21 ,1 100
IIB 73 70 0 0 68 79 43 0
IID 18 0 40 0 17 0 56 0
I0 0 1 5 1 8 0 0 0 0
( b ) Fiber Type Composition of Red and White Portions of TA and Psoas Muscles
MyHC
Tibialis anterior Psoas
w.t. IId2/2 w.t. IId2/2
red white red white red white red white
IIA 18 0 63 0 31 0 69 0
IIB 46 100 37 10 34 100 31 100
IID 36 0 0 0 35 0 0 0
I0 0 0 0 0 0 0 0
Fiber types were determined by counting each type in serial cross sections of muscles
stained with antimyosin antibodies as described. Two areas per section of diaphragm
and masseter were counted; two areas of each region in TA and psoas muscle were
counted. Measurements in TA and psoas were weighted according to the percent of to-
tal area of each region (red and white). Numbers reflect averages of three wild-type
and three MyHC-IId null mice. Standard deviations from the mean were 4% for all
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in Figs. 1 and 2, masseter from MyHC-IId null mice con-
verted to 100% type IIA fibers. These appear to be pure
IIA fibers since staining with anti–MyHC-IIb, –I (b, slow),
and –perinatal antibodies was negative. Type IIA fibers
were also found to increase in tongue and EDL muscles
from IId null mice, which normally contain primarily type
IIB and IID fibers (data not shown).
Fiber-type distribution in TA and psoas muscles is spa-
tially uneven and can be divided into two regions based
on MyHC fiber-type content. These are classically termed
according to the appearance of the muscle as the white
portion (or fast-twitch glycolytic), containing all type IIB
fibers, and the red portion (or fast-twitch oxidative/glyco-
lytic), containing a mixture of type IIA, IIB, and IID fibers
(Barnard et al., 1971; Peter et al., 1972). As reflected in
Table I b, the type IIA fiber increase in both TA, and
psoas was restricted to the red portion of the muscle. The
type IIA fibers appear to directly replace type IID fibers
in these regions.
Fiber Areas and Muscle CSAs in Skeletal Muscles from 
IId Null Mice
Fiber areas vary between different fiber types. Type IIB fi-
bers have the fastest rate of contraction and are also the
largest in terms of CSA (Schiaffino and Reggiani, 1994).
Within an individual muscle, average fiber sizes increase in
the order type I , IIA , IID , IIB, with considerable
overlap in the size ranges of each fiber type. In addition,
for a single fiber type, there is variation in fiber size be-
tween different muscles of the same animal (Hämäläinen
and Pette, 1995). To determine cross-sectional areas in wild-
type and IId null mice, measurements were taken under a
microscope as described. Areas were measured for three
pairs of mice (males, 6–8 wk). Each pair contained one
wild-type and one IId null animal of the same age (litter-
mates). The mean weight of wild-type animals was 26.6 6
2.8 g, while the mean weight of IId null animals was 18.6 6
4.5 g. As described previously, TA, psoas, and masseter
muscles, but not diaphragm, from IId null mice have
smaller masses compared with the same muscles from
wild-type mice (Acakpo-Satchivi et al., 1997).
A summary of the mean sizes of the different fiber types
in TA, psoas, diaphragm, and masseter is shown in Table
II. Sample sizes and statistically significant differences are
noted. There were too few type IIA fibers in wild-type
masseter to allow measurement and statistical comparison
of sizes.
Fiber area measurements from wild-type and IId null
mice are shown in Fig. 4 for TA, psoas, and diaphragm. In
TA, type IIA fiber size increased in IId null mice (Fig. 4 a).
Type IID fiber areas from wild-type TA are shown in Fig.
4 b. Type IIA fibers from IId null TA were significantly
larger than wild-type IID fibers from TA (Table II). The
mean type IIA fiber size also increased in IId null psoas
muscle compared with type IIA fiber size in wild-type
psoas (Fig. 4 c). The size range of type IIA fibers (200–
1,900 mm2) in IId null psoas was statistically indistinguish-
able from type IID fibers from wild-type psoas (300–1,800
mm2) (Fig. 4 d). In contrast to TA and psoas, type IIA fi-
ber areas in wild-type and IId null diaphragm were the
same (Fig. 4 e). Type IID fibers in normal diaphragm were
larger than type IIA fibers from either wild-type or IId
null mice (Fig. 4 f). There was also no difference in the size
of type I (b, slow) fibers from wild-type and IId null dia-
phragm (Fig. 4 g).
Areas of type IIB fibers from red and white portions of
TA and psoas are shown in Fig. 5. Type IIB fiber sizes in
normal TA are shown in Fig. 5 a. In IId null TA, type IIB
fibers in the red (or mixed fiber) area had a broad range of
areas, with a population of very large hypertrophied fibers
that were significantly larger than type IIB fibers from the
red portion of wild-type TA (Fig. 5 b). On the other hand,
type IIB fibers in the white portion of the muscle were the
same in wild-type and IId null TA. Type IIB fibers from
the red and white portions of wild-type psoas are shown in
Fig. 5 c. In contrast to TA, type IIB fibers from the red
portion of IId null psoas were much smaller than type IIB
fibers from the white portion (Fig. 5 d). These fibers were
also significantly smaller than type IIB fibers from both
portions of wild-type psoas. Type IIB fibers from the white
portion of IId null psoas muscle were slightly larger in size
than IIB fibers from white wild-type psoas.
Table III presents mean whole muscle CSAs and total
fiber numbers determined from muscles of the same mice
used in fiber area measurements. Formulas for determin-
ing total fiber number are given in Materials and Methods.
For TA and psoas, CSAs and total fiber number were de-
termined for both the red and white portions of the muscle.
There was no difference in the CSA or the total fiber num-
Table II. Mean Cross-sectional Areas of Muscle Fiber Types in Wild-Type and MyHC-IId Null Mice
MyHC
Tibialis anterior Psoas Diaphragm Masseter
w.t. IId2/2 w.t. IId2/2 w.t. IId2/2 w.t. IId2/2
mm2 mm2 mm2 mm2
IIA 533 6 124 945 6 178* 634 6 120 906 6 342*‡ 781 6 157 788 6 205 ND 728 6 120‡
IIB red 1447 6 303 2606 6 707* 1580 6 284 571 6 200* — — 1249 6 267 —
IIB white 1264 6 240 1206 6 265 1329 6 239 1622 6 370* — — — —
IID 744 6 143 — 926 6 170 — 1166 6 266 — 742 6 164 —
I — — — — 730 6 157 750 6 183 — —
Cross-sectional areas were measured in muscles from wild-type (w.t.) and MyHC-IId null (IId2/2) mice (8-wk-old males). Average deviations from the mean are given. Sample
sizes were as follows: w.t. TA, IIA 5 111, IID 5 170, IIB red 5 229, IIB white 5 112; IId2/2 TA, IIA 5 138, IIB red 5 89, IIB white 5 61; w.t. psoas, IIA 5 92, IID 5 100,
IIB red 5 102, IIB white 5 66; IId2/2 psoas, IIA 5 227, IIB red 5 65, IIB white 5 70; w.t. diaphragm, IIA 5 156, IID 5 117, I 5 65; IId2/2 diaphragm, IIA 5 233; I 5 63;
w.t. masseter, IIB 5 50, IID 5 66; IId2/2 masseter, IIA 5 45. Fiber areas were not determined (ND) for type IIA fibers in wild-type masseter.
*P , 0.001 for the same fiber type in IId null mice compared to wild type.
‡No significant difference found between wild-type IID and IId null-type IIA fiber sizes.Sartorius et al. Myosin Heavy Chains IIa and IId Are Functionally Distinct 949
ber between TA muscles from wild-type and IId null mice.
In contrast, psoas muscles from IId null mice had smaller
CSAs compared with wild-type psoas. Both the red and
the white regions of the muscle contributed to the overall
smaller size. Psoas of IId null mice also contained fewer
total fibers than wild-type psoas. Masseter muscles from
IId null mice had smaller CSAs compared with wild-type
masseter but contained a similar number of fibers overall.
MyHC Gene Expression in Wild-Type and MyHC-IId 
Null Mice
Since the MyHC-IIa gene compensates for the absence of
MyHC-IId, but IId null mice have strong phenotypes, the
most likely explanation is that the two genes are not func-
tionally equivalent. However, it is important to determine
the timing of MyHC-IIa compensation. If IIa gene expres-
sion occurs after a pathologic phenotype has already been
established, it would complicate interpretation. We exam-
ined the time course of activation of MyHC genes in wild-
type and IId null mice using RT-PCR with oligonucleotide
primers from the 39-UTRs that were specific for MyHC-
IIa, IIb, IId, I (b, slow), and perinatal.
As shown in Fig. 6 A, total RNA was prepared from TA,
diaphragm, psoas, and masseter muscles of adult female
mice (8 wk). PCR amplification in the presence of all five
sets of primers from control reactions in which RT was not
added was negative in both wild-type (lane 1) and IId null
mice (lane 7). MyHC-IIa mRNA was present in wild-type
and IId null TA, diaphragm, and psoas (lanes 2 and 8). By
RNase protection, there was a threefold increase in MyHC-
IIa mRNA in masseter of IId null mice compared with
wild-type masseter (data not shown). MyHC-IIb mRNA
was easily detectable in wild-type and IId null TA, dia-
phragm, and psoas muscles (lanes 3 and 9). MyHC-IIb
mRNA was present in diaphragm even though this muscle
contains no type IIB fibers. In IId null masseter, MyHC-
IIb mRNA levels appeared to have decreased compared
with wild type but were not entirely absent (lanes 3 and 9).
This was confirmed by RNase protection, which showed
there was a sixfold decrease in MyHC-IIb mRNA in IId
null mice compared with wild-type animals (data not shown).
Whereas MyHC-IId mRNA was present in all four wild-
type muscles, it was absent in each of these muscles from
IId null mice (lanes 4 and 10). MyHC-I (b, slow) mRNA
was found in TA and diaphragm (lanes 5 and 11). MyHC-
perinatal mRNA was detected in wild-type diaphragm and
masseter (lane 6) and in IId null masseter (lane 12).
Figure 4. CSAs of type IIA, IID, and I (b, slow) fibers in skeletal muscles from MyHC-IId
null mice. CSAs of type IIA fibers from wild-type and MyHC-IId null mice from TA (a),
psoas (c), and diaphragm (e) are plotted as the number of fibers counted at each area.
Wild type (w.t) are shown as solid lines; IId null (IId2/2) are shown as dotted lines. CSAs
of type IID fibers from wild-type TA (b), psoas (d), and diaphragm (f) are also plotted as
the number of fibers at each area. CSAs of type I (b, slow) fibers from diaphragms of wild-
type (w.t., solid line) and IId null (IId2/2, dotted line) mice are shown in g. Sample num-
bers (n) are given in Table II.The Journal of Cell Biology, Volume 141, 1998 950
The precise onset of expression of the adult fast MyHC
genes in mice is unknown but has been reported to occur
between 17.5 dpc and 5 d of postnatal life (Cox and Buck-
ingham, 1992; DeNardi et al., 1993). To determine if the
developmental pattern of expression of the adult MyHC
genes in IId null mice is altered, MyHC gene expression
was examined at five developmental time points in Fig. 6 B
in wild-type (lanes 1–5) and IId null (lanes 6–10) mice.
RNA was prepared from whole embryos at 12.5 dpc (lanes
1 and 6) and 15.5 dpc (lanes 2 and 7) and from hindlimbs
of neonatal mice at days 1 (lanes 3 and 8), 3 (lanes 4 and
9), and 5 (lanes 5 and 10) after birth. Cardiac RNA (lane
11) was included as a negative control for the adult fast
and perinatal MyHC genes, which are not expressed in the
heart. Some MyHC-IIa mRNA was present at 12.5 dpc in
IId null mice (IIa, lane 6). In both wild-type and IId null
mice, MyHC-IIa was detectable at days 3, 4, and 5 after
birth (IIa, lanes 3–5 and 8–10). MyHC-IIb mRNA was de-
tectable at days 1, 3, and 5 after birth in wild-type and IId
null mice (IIb, lanes 3–5 and 8–10). In contrast to MyHC-
IIa and -IIb, MyHC-IId mRNA was not detected in wild-
type mice until 5 d after birth (IId, lane 5), suggesting that
the IId gene is expressed later in development than
MyHC-IIa and -IIb. Two different primer pairs in the
MyHC-IId 3’UTR gave the same results (data not shown).
No MyHC-IId gene expression was detected in developing
IId null mice.
In both wild-type and IId null mice, MyHC-I (b, slow)
mRNA was easily detectable at each time point (I(beta),
lanes 1–10). Only MyHC-I (b, slow) was detected in heart
(lane  11). MyHC-perinatal was detectable beginning at
15.5 dpc through 5 d after birth in both wild-type and IId
null mice (peri, lanes 2–5 and 7–10).
Discussion
Functional Diversity of Myosin Heavy Chains
Striated MyHC genes are highly conserved, having 78–
93% identity at the amino acid level. One hypothesis is
that the multiple MyHC genes are functionally equivalent,
and their number exists to provide a safety mechanism.
Figure 5. CSAs of type IIB
fibers from MyHC-IId null
mice. CSAs measured for
type IIB fibers from TA (a
and b) and psoas (c and d)
are plotted as the number of
fibers at each given area. IIB
fibers from both wild-type (a
and c) and IId null (b and d)
TA and psoas are divided
into IIB fibers from the red
portion (red, solid line) and
white portion (white, dotted
line) of the muscle. Sample
numbers (n) are given in Ta-
ble II.
Table III. Total Cross-sectional Area and Total Fiber Number of Muscles from Wild-Type and MyHC-IId Null Mice
Tibialis anterior Psoas Masseter
w.t. IId2/2 w.t. IId2/2 w.t. IId2/2
Cross-sectional area (mm2 3 106)
red 1.181 6 0.113 1.774 6 0.187 1.446 6 0.116 0.447 6 0.041* — —
white 1.125 6 0.175 1.550 6 0.098 1.512 6 0.015 0.982 6 0.102‡ ——
total 2.306 6 0.297 2.724 6 0.260 2.9586 0.101 1.429 6 0.085* 2.815 6 0.200 1.912 6 0.201‡
Number of fibers
red 949 6 95 799 6 115 1059 6 90 496 6 57‡ ——
white 759 6 87 1101 6 90 1067 6 102 571 6 15‡ ——
total 1708 6 182 1900 6 27 2126 6 107 1067 6 50* 2570 6 183 2285 6 240
Formulas for total fiber number calculations are given in Materials and Methods. For both cross-sectional areas and total fiber numbers, average deviations from the mean are
given.
*P , 0.001 compared to wild type.
‡P , 0.005 compared to wild type.Sartorius et al. Myosin Heavy Chains IIa and IId Are Functionally Distinct 951
However, experimental evidence suggests that the multi-
ple MyHC genes provide independent functions. Early
studies showed that muscle fibers with different MyHC
contents had different contractile velocities (Barany,
1967). Likewise, measurements on single fibers from rat,
rabbit, and human show differences in ATP hydrolysis and
force responses that are correlated with MyHC content
(Hilber et al., 1997). As more sequence from skeletal
MyHC isoforms becomes available, regions of divergence
thought to affect function can be assayed biochemically in
vitro (Spudich, 1994). For example, the globular head of
myosin contains two flexible loops near the actin and ATP
binding sites. Sequences in these loops are not well con-
served and may be responsible for differences in the ATP-
ase activities of myosin isoforms.
We have recently shown that inactivation of each of the
adult genes, MyHC-IIb or MyHC-IId, in mice leads to
muscular defects. Interestingly, the physiological defects
exhibited by the two null strains are quite distinct. For ex-
ample, MyHC-IIb null mice show severe defects in the
amount of force generated per CSA, while IId null mice
show increased time to contraction and relaxation, but
normal amounts of force generation (Acakpo-Satchivi et al.,
1997). Additionally, only IId null mice develop kyphosis.
Both fore- and hindlimb grip strength are weaker in IId
null compared with normal mice, whereas in IIb null mice,
only the forelimbs are severely affected (Acakpo-Satchivi
et al., 1997). Both lines of null mice have reduced body
weight compared with wild-type mice. Despite the fact
that MyHC-IId constitutes ,20% of the total skeletal
MyHC in mice compared with 77% for IIb, the pheno-
types of IId null mice are more severe. In the current stud-
ies, we have demonstrated that there is a universal in-
crease in MyHC-IIa in MyHC-IId null mice. However,
despite the compensational increase in MyHC-IIa, mus-
cles in IId null mice are not normal. One interpretation of
this result is that the MyHC-IIa and IId genes are not
functionally equivalent. An alternative explanation is that
the MyHC-IIa gene is not quantitatively or temporally ex-
pressed in a pattern consistent with the MyHC-IId gene.
Here, we present data that argue in favor of the former in-
terpretation.
MyHC-IIa Compensation
The genes encoding the skeletal MyHCs are arranged in
the order embryonic, IIa, IId, IIb, perinatal, and extraocu-
lar within a relatively small region (z350 kb) on mouse
chromosome 11 and human chromosome 17 (Yoon et al.,
1992; Weiss et al., 1994; Krauter, K., unpublished observa-
tions). The order of MyHC genes is not, however, related
to their developmental pattern of expression. This is un-
usual since the linear order of genes in several other clus-
ters, such as b-globin, has been shown to correlate with
their developmental pattern of expression (Dillon and
Grosveld, 1993). The upregulation of MyHC-IIa could,
however, be a function of the close proximity of the
MyHC-IIa and -IId genes on mouse chromosome 11. The
two genes are closely linked, with the 39 region of IIa only
5 kb upstream from the start of the IId coding region
(Parker-Thornburg et al., 1992). This distance is similar to
that of the two cardiac MyHC genes on chromosome 14,
which are separated by 4.5 kb. These genes, MyHC-a and -b
(I, slow), are tightly coregulated by factors such as thyroid
hormone, which simultaneously decreases b expression (I,
slow) and increases a expression (Izumo and Mahdavi, 1988).
The mechanisms determining gene-specific activation of
adult fast MyHC genes are not well defined. In mouse,
MyHC-IIa, -IIb, and -IId transcripts have been reported to
Figure 6. MyHC gene expression in wild-type and IId null mice.
RT reactions were performed as described in Materials and
Methods. Oligonucleotide primers for PCR were designed in the
39-UTRs of MyHC genes. PCR amplification of cDNA was per-
formed as described at 25 cycles for all reactions except MyHC-
IId at developmental time points (B), which was performed at 30
cycles. One quarter of each reaction was separated on a 2% aga-
rose gel. (A) RNA was prepared from TA, diaphragm, psoas, and
masseter muscles of wild-type (lanes 1–6) and IId null (lanes 7–12)
female mice (8 wk old). In lanes 1 and 7, PCR was performed in
the presence of all sets of MyHC-specific primers with extracts
from control reactions in which RT was not added. PCR reac-
tions were specific for MyHC-IIa, lanes 2 and 8; MyHC-IIb, lanes
3 and 9; MyHC-IId, lanes 4 and 10; MyHC-I (b, slow), lanes 5 and
11; and MyHC-perinatal, lanes 6 and 12. (B) RNA was prepared
from wild-type (lanes 1–5) and IId null (lanes 6–10) mice at 12.5
dpc (lanes 1 and 6) and 15.5 dpc (lanes 2 and 7) and at 1 (lanes 3
and 8), 3 (lanes 4 and 9), and 5 d (lanes 5 and 10) after birth. At
12.5 and 15.5 dpc, RNA was prepared from whole embryos. At 1,
3, and 5 d after birth, RNA was prepared from hindlimbs. RNA
from adult mouse heart (6 wk) was used as a control in lane 11.
PCR reactions contained primers specific for MyHC-IIa, -IIb,
-IId, -I (b, slow), and perinatal as indicated.The Journal of Cell Biology, Volume 141, 1998 952
be seen between 17.5 dpc and 5 d postnatal (Cox and
Buckingham, 1992; DeNardi et al., 1993), but detailed
analyses of the onset of the adult myosin genes has not
been studied. Our data suggest that the MyHC-IId gene is
expressed later in development (5 d postnatal) than either
the MyHC-IIa or -IIb gene in wild-type mice and that
there is no temporal alteration in expression of the IIa or
IIb genes in IId null mice. Therefore, a change in the de-
velopmental timing of expression of the MyHC genes can-
not explain the ineffective compensation by IIa. It is also
possible that changes in other proteins, such as alternate
isoforms of nonmyosin proteins, may contribute to the dif-
ferences between wild-type and IId null mice. Myofibril
preparations separated by gel electrophoresis have not de-
tected any isoform shifts in IId null mice. However, future
studies will include more detailed analyses of isoform
changes.
The molecular mechanisms by which the MyHC-IIa
gene is activated are unknown. The DNA sequence ele-
ments that regulate responses of developmental cues and
innervation are also not known. Of the three adult MyHC
isoforms, only the mouse MyHC-IIb promoter has been
partially characterized. The mouse IIb promoter contains
elements necessary for muscle-specific gene regulation, in-
cluding E-box domains, although regulation by myogenic
regulators is indirect (Takeda et al., 1995). Recently, the
TATA box was shown to be critical for MyHC-IIb tran-
scription (Diagana et al., 1997). When the IIb TATA box
was replaced with functional TATA boxes of several other
genes, the promoter was no longer functional in muscle
cells. We have found differences in both the sequence and
the distance from the transcriptional start site of both the
TATA and CCAAAT boxes between the mouse MyHC-
IIa, -IIb, and -IId genes (unpublished data). These pro-
moters are currently being characterized.
Phenotypic Effects of MyHC-IIa Increase
Type IID fibers lie between type IIA and IIB fibers in
both size and speed of contraction. Since transitions in
adult skeletal muscle follow the trend I « IIA « IID «
IIB, one might expect that MyHC-IId null mice would
contain either more type IIB fibers, more type IIA fibers,
or both. The observed increase in type IIA fibers repre-
sents a transition from “faster” to “slower” fibers in IId
null mice. Given that stimulation of muscle generally re-
sults in a transition from type IIB ® IID ® IIA ® I fibers,
exercising wild-type and IId null mice should provide in-
teresting results on their exercise capacity and endurance.
Since the individual MyHC isoforms have different con-
tractile properties, the increase in the percent of type IIA
fibers in skeletal muscles of IId null mice is likely to cause
physiological effects on muscle function. Whereas the in-
crease in MyHC-IIa in psoas and TA muscles was not as
great as in diaphragm and masseter, these muscles showed
the most striking histological defects. In both TA and
psoas muscles, the average size of type IIA fibers in-
creased in IId null mice. In TA, type IIA fibers in IId null
mice were larger than their type IID counterparts in wild-
type mice. In psoas muscle, type IIA fibers from IId null
psoas were statistically indistinguishable in size from wild-
type IID fibers. Where there were few type IIA fibers to
compare in wild-type masseter muscle, the average IIA fi-
ber area of 728 mm2 in IId null mice was larger than type
IIA fibers from most wild-type tissues. The diaphragm
seems to be the exception, where type IIA as well as I (b,
slow) fibers remained similar in size between IId null and
wild-type mice. Therefore, type IIA fiber size changes be-
tween wild-type and IId null mice varied between differ-
ent muscles but increased overall. Since type IID fibers are
on average larger than type IIA fibers in wild-type mice,
the presence of larger IIA fibers in IId null mice raises the
question of whether fibers predestined to become type
IID have become IIA.
Although MyHC-IIb levels did not change drastically
overall, type IIB fiber sizes were dramatically changed be-
tween wild-type and IId null mice. For example, in the red
portion of both TA and psoas, there was drastic change in
IIB fiber size between wild-type and IId null mice (Table
II). Interestingly, it did not effect the tissues in the same
manner. Type IIB fibers from the red portion of IId null
TA were abnormally large compared with IIB fibers from
wild-type TA. The opposite was true in IId null psoas,
where type IIB fibers in the red portion were much
smaller than IIB fibers from wild-type psoas and also type
IIA fibers in the same region.
The masseter is unique among IId null muscles in that it
expresses 100% MyHC-IIa. There are no other muscles in
mice known to contain all type IIA fibers. This is particu-
larly striking since, of the adult MyHCs, IIa composes the
lowest amount in muscles of wild-type mice (z5%). Man-
dibular muscles are normally composed of fast fiber types,
and masseter from both cat and rabbit have been found to
contain some fast-contracting MyHC-a (Rowlerson et al.,
1981; D’albis et al., 1993). The conversion of mouse mas-
seter from MyHC-IIb and -IId in wild-type to MyHC-IIa,
the slowest of the adult fast skeletal isomyosins, may ex-
plain the apparent decreased food and water intake of IId
null mice compared with wild type (Acakpo-Satchivi et al.,
1997). Since there are very few muscles in the mouse com-
posed uniformly of one fiber type, the masseter from IId
null mice may be useful for physiological and biochemical
studies of MyHC-IIa.
Another interesting property of IId null masseter was
the absence of MyHC-IIb protein. In contrast to wild-type
masseter, there were clearly no type IIB fibers present in
IId null masseter. MyHC-IIb mRNA levels in masseter
from IId null mice, although not completely absent, were
sixfold lower compared with wild type by RNase protec-
tion, suggesting the IIb gene may be downregulated at the
transcription level.
Diaphragm muscles from IId null mice generate normal
levels of force (Acakpo-Satchivi et al., 1997). However, ki-
netic properties such as time to peak tension and time to
relaxation are longer in IId null diaphragm. This can be
explained by conversion of wild-type diaphragm, which
contains 45% type IIA fibers, to 82% type IIA fibers in
IId null diaphragm. Since the type I (b, slow) fiber content
of diaphragm remained the same between wild-type and
IId null mice, the slower kinetic properties may reflect the
prevalence of MyHC-IIa.
We have found that skeletal muscles in MyHC-IId null
mice have an increase in MyHC-IIa. The inability of
MyHC-IIa to completely substitute for MyHC-IId func-Sartorius et al. Myosin Heavy Chains IIa and IId Are Functionally Distinct 953
tion, reflected in the multiple phenotypes of MyHC-IId
null mice, suggests that these two very similar genes each
have a unique role in muscle structure and function.
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